Here, we report the 2.4 Å X-ray crystal structure of an almost equal mixture of helices (7) and strands (9) forming the compact and globular domain II. A search the PI-SceI protein. The data clearly reveal the structural and functional duality of the enzyme. Amino acid resi- (Holm and Sander, 1995) for protein or domain structures that are homologous with either domain in PI-SceI dues comprising the nucleolytic active site, identified by a cluster of charged residues that are conserved in proved negative. The 19 strands in domain I are incorporated into a the protein family, reside in one domain, while those that participate in protein splicing are located in the total of 7 closely packed ␤ sheets approximately divided into two dissimilar underlying substructures (Figures 2 other. Preliminary docking of a DNA model revealed new features of molecular recognition. Furthermore, examiand 3). The elongated structure of domain I is primarily due to side-by-side arrangement of sheets 2, 10, 5, and nation of the structure immediately suggests an evolutionary model that explains the association of the two 6, which constitute one substructure, with sheet 6 providing a long extension. The other shorter substructure, disparate activities.
comprised of sheets 1, 3, and 4, form a ␤ sandwich with sheets 2, 10, and 5 ( Figure 2 ). As domain I harbors both Results and Discussion terminal residues (Cys-1 and Asn-454) (Figures 2 and 4A), which are conserved between various inteins and Structure and Novel Domain Motifs The three-dimensional structure of PI-SceI, the first for are essential for protein splicing (Pietrokovski, 1994) , it is associated with the self-splicing machinery. Consistent a homing endonuclease and a protein generated by protein splicing, was determined by multiwavelength anomwith its autocatalytic self-splicing function, both terminal residues are in close proximity and are lodged in a alous dispersion (MAD) and has been refined at 2.4 Å resolution to an R factor and an R free of 19.2% and 23.8%, cavity surrounded by parts of sheets 1, 3, 5, 7, 8, 25, 26, 27, and 28 (Figures 2 and 4A) . respectively (Table 1) . A portion of the electron density is shown in Figure 1 . The two independent molecules
The compact domain II is mainly built up from two substructures, each with very similar secondary structure within the asymmetric unit are very similar and can be overlapped with an rms deviation of about 1 Å between motifs (␣4-␤14␣5␤15␤16␣6 and ␣7␤19␤20␣8␤21␤22␣9) (Figures 2 and 3) . Moreover, the two motifs are related ␣ carbons. The structure is composed of two separate domains (I and II) connected by two peptide segments by local two-fold symmetry about an axis between the vertical parallel ␣4 and ␣7 with a relative twist of about (Figures 2 and 3 ). Both domains possess not only unusual folds but also different functional sites located on 35Њ (Figure 2 ). Helices 4 and 7 contain the two dodecapeptide sequences that are distinguishing characteristhe opposite sides of the molecule. Domain I, comprising the first 182 and the last 44 residues, is an unusual tics of homing endonucleases and maturases (Michel et al., 1982; Waring et al., 1982; Hensgens et al., 1983) . elongated domain (about 3:1 axial ratio) composed almost entirely of ␤ sheets (19 strands). The intervening
The two vertical parallel helices are surrounded by two nearly horizontal pairs of symmetry-related helices (␣5 continuous segment comprising residues 183-410 adopts The map was contoured at 1.
and ␣6 in one motif related to ␣8 and ␣9, respectively, as acidic residues among the related homing endonucleases and maturases (Mueller et al., 1993 ; Pietrokovin the other). The approximate symmetry is also clearly ski, 1994). Conservation of the dodecapeptide motifs apparent between the two ␤ sheets in both motifs that among the protein family may be a consequence of the flank the C-terminal ends of the two parallel helices and fact that they comprise the two ␣ helices that correctly that form a concave twisted canopy above the symmeposition the active site residues. Lys-301 is a conserved try-related helices (Figure 2 ). (Although the segment folresidue within a separate motif found in inteins (Block lowing ␣4 in one sheet is not quite a sheet strand, it is D, Pietrokovski, 1994) and several maturases. Finally, topologically equivalent to ␤14 of the other sheet [Fig- substitutions of the two Asp residues by site-directed ures 2 and 3]). The similarity of the two motifs is evident mutagenesis abolish DNA cleavage but not binding from superpositioning of the ␣ carbon atoms of the 63 (Gimble and Stephens, 1995) , and a Lys-301-to-Ala subpairs of residues in the overlapped secondary structures stitution leads to loss of catalytic activity (data not of both motifs, which show an rms deviation of 1.7 Å .
shown). The resulting overlapped sequences reveal 22% identity
In spite of profound differences in the overall strucand 46% similarity.
tures of the restriction endonucleases and PI-SceI (discussed below), the similar active site arrangement sugEndonuclease Active Site gests an analogous hydrolytic mechanism. Asp-218 and The nuclease active site apparently resides in domain Asp-326 of PI-SceI appear to be structurally equivalent II, at the C-terminal ends of the parallel helices 4 and 7.
to acidic residues in EcoRI, EcoRV, BamHI, and PvuII This location is consistent with several pieces of evi- (Aggarwal, 1995) and presumably comprise part of the dence. Two Asp residues (Asp-218 and Asp-326) that Mg 2ϩ binding site. Although Mg 2ϩ was present during are located at the C termini of the parallel helices and crystal growth, its location has not been clearly estabLys-301, found in a loop immediately after ␤18, form a lished. There is a density between the two Asp carboxylcharged cluster (Figures 2 and 4B ) that bears similarity ate sidechains that, at present, is assigned to a water with those commonly seen in the catalytic sites of homomolecule ( Figure 1 ). The exact role of the Mg 2ϩ ion in dimeric restriction endonucleases with previously dethe PI-SceI reaction pathway is unclear, but in the case termined three-dimensional structures (EcoRI, PvuII, of the restriction enzymes, its proposed function is to EcoRV, and BamHI; for a review, see Aggarwal, 1995 Domain I is shown at the bottom and domain II at the top. ␣ helices and ␤ strands are green and blue, respectively. All nine helices and selected strands spaced at nearly equal intervals are labeled based on the identifications shown in Figure 3 . Amino and carboxy termini, which are part of the self-splicing site, are labeled (N) and (C), respectively (see Figure 4A for details). Labeled in red are the positions of the three residues in domain II (Asp-218 and Asp-326 at the C termini of ␣4 and ␣7, respectively, and Lys-301 in a loop) that form a charged cluster in the endonuclease active site (see Figure 4B for details). Relative to the figure, the splicing and endonucleolytic active sites are located in the back and front, respectively. The local two-fold symmetry axis between the similar secondary structure motifs in domain II is located between the two vertical helices (␣4 and ␣7) at the center of the domain and perpendicular to the plane of the figure. This figure and Figures 4A and 4B were drawn using RIBBON (Carson, 1991). no obvious equivalent acidic residue in PI-SceI structure containing a single dodecapeptide motif (Henke et al., 1995; Lykke-Andersen et al., 1996; Wende et al., 1996) . or in the conserved blocks of the other homing endonucleases, so a two metal ion mechanism is unlikely for General features of DNA cleavage by the Type IIs FokI endonuclease resemble those of PI-SceI, even though this enzyme family. The lysine residues found in the catalytic triads are thought to stabilize the doubly the sequences of the enzymes and the specific protein-DNA interactions are very different. Like PI-SceI, FokI charged pentavalent transition state (Kostrewa and Winkler, 1995) , and a similar role may be played by recognizes an asymmetric binding site, binds DNA as a monomer (Skowron et al., 1993) , and possesses a single Lys-301.
Because PI-SceI is a monomer in solution (Gimble active site (Waugh and Sauer, 1993) . How a single catalytic center in Fok I or in PI-SceI effects sequential scisand Thorner, 1993) and even in the presence of DNA (Wende et al., 1996 ; F. S. G., unpublished data), there sion of both DNA strands is unclear, but movement of either the protein or the DNA following first strand cleavhas been some speculation as to whether the enzyme contains 1 catalytic site that cuts two strands or 2 cataage may be involved. lytic sites, each of which cleaves at one strand. The structural and mutational data (see above) are fully consistent with there being one active site that lies close Potential DNA-Binding Sites and DNA Docking The nature of the areas around the putative active site to the approximate center of symmetry in domain II. (Although the structure determined is that of two molein domain II indicates potential sites for DNA binding. The obvious areas include the exposed surfaces of the cules in the asymmetric unit, related by local two-fold symmetry, the active sites of the two proteins are sepatwo symmetry-related ␤ sheets flanking the two Asp active site residues and the ␤-hairpin loops (between rated by about 40 Å .) We are unable to find another similar three charged residue cluster that: (1) would be ␤15 and ␤16 and between ␤21 and ␤22) above the sheets (Figure 2 ). Loops are very often seen in structures of at an appropriate distance (about 13 Å ) to the first cluster for DNA cleavage to leave a 4 bp overhang, and (2) DNA-binding proteins involved in interacting with either the major or minor groove of DNA, including those of would be conserved among homing endonucleases (Pietrokovski, 1994) . The data, taken together, do not restriction endonucleases (Aggarwal, 1995) . Sheets have also been observed as docking sites for DNA (e.g., support the suggestion of two active site domains, each The circles (green) and triangles (red) represent ␣ helices and ␤ strands, respectively. The bold numbers identify the ten different ␤ sheets. The two secondary structure motifs (␣4-␤14␣5␤15␤16␣6 and ␣7␤19␤20␣8␤21 ␤22␣9) related by local two-fold symmetry in domain II are enclosed in the rectangular box with dashed lines. Although the segment between ␣4 and ␤14, which forms a single hydrogen bond with ␤14, is technically not a ␤ strand, it is topologically identical to ␤19 of the second motif (see also Figure 2 ). The closer proximity between ␣7 and ␤19 is meant to convey a one residue connection (Gly 327) between the two secondary structures.
in PvuII restriction endonuclease, MetJ and Arc represand right (or plus) sequences, respectively, of the center of the cleavage site. This docking arrangement of the sor proteins [Somers and Phillips, 1992; Cheng et al., 1994; Raumann et al., 1994] ). Evidence for the involve-DNA takes into account the experimental observation that the left sequence requires fewer base pairs than ment of loops and ␤ sheets in domain II in DNA binding come from proteolytic protein footprinting studies of the right for DNA binding and cleavage (Gimble and Stephens, 1995; Gimble and Wang, 1996) . Moreover, I-PorI and I-DmoI, two archaeal homing endonucleases related to PI-SceI (Lykke-Andersen et al., 1996) . In both the right sequence alone is sufficient for high affinity binding to PI-SceI (Gimble and Stephens, 1995; Gimble endonucleases, the footprinting studies identified four sites for binding DNA that follow immediately and apand Wang, 1996; Wende et al., 1996) . The DNA-binding surface of sheet 7, which extends to the edge of the proximately 40-60 residues after each dodecapeptide repeat. Although the interpretation of this result as indiprotein, is more limited than that of sheet 9, which extends toward the middle of the protein structure. Third, cating the presence of two separate DNA-binding domains is incorrect (see above), the four sites map on our the four DNA-binding sites, two following each of the dodecapeptide repeat helices, which contain positively PI-SceI three-dimensional structure on exposed parts of the areas identified above. For example, in I-PorI, the charged residues, are close to the DNA. Fourth, a bend of about 55Њ is directed toward the major groove at two sites after the first dodecapeptide repeat coincide with the C terminus of the nonsheet segment immediabout ϩ7 bp to the right of the center of the cleavage site, which lies close to the junction between the two ately following the first dodecapeptide repeat helix (␣4) and ␤14 and with the loop preceeding ␤16 that is above domains. This is the approximate location of the bend detected experimentally (Gimble and Wang, 1996; the sheet (Figures 2 and 3) . The two sites after the second dodecapeptide repeat align with the loop between Wende et al., 1996) . This bend is necessitated by the angular orientation between domain I, especially the ␤19 and ␤20 and with the large loop between ␤21 and ␤22 above the sheet (Figures 2 and 3) . Furthermore, sheet 6 extension, and domain II (Figures 2 and 5) . Fifth, the DNA was docked as closely as possible to clusters mutations located within the large loops and ␤ sheets interfere with substrate binding (F. S. G., unpublished of exposed, intensely positive, charged residues ( Figure  5 ). In domain II, these clusters are located in the four data).
To help comprehend the interaction of PI-SceI with binding sites indicated above. A heavy concentration of positive surfaces is also found in an area at the interface its lengthy recognition site (31 bp or longer; Gimble and Wang, 1996; Wende et al., 1996) , we carried out a prelimbetween the two domains and in the extended region of domain I. In support, the DNA makes numerous phosinary docking of a DNA onto the structure using the program GRASP (Nicholls et al., 1993) , which identifies phate backbone contacts in the region that is thought to bind to the interdomain surface (Gimble and Wang, surface contours and electrostatic charge potentials. In docking of a 30 bp B-form model (Figure 5 ), we were 1996). In docking the DNA, it became apparent that the size guided by five criteria. First, the scissile bonds of the DNA were placed as close as possible to the pair of Asp or diameter of globular domain II is insufficient to accommodate the entire 30 bp DNA model, even in the presresidues in the putative active site. Second, the two symmetry-related sheets, along with their loops, served ence of the bend. DNA binding would require the participation of domain I. The docking model indicates that as a platform for docking DNA; sheets 7 and 9 for base pairs to the left (or minus; see Gimble and Wang, 1996) domain II can recognize about 14 bp (from about Ϫ8 bp Protein surface charge distribution was calculated and displayed by the program GRASP; potentials less than Ϫ10 kT, neutral, and greater than 10 kT are displayed in red, white, and blue, respectively. The orientation of the molecule (domain I to the right and domain II to the left) is related to that shown in Figure 2 by a counterclockwise rotation of about 90Њ. The negative surface at the active site is contributed by Asp-218 and Asp-326. Lys-301 lies in the positive surface slightly below and to the right of this negative surface. The DNA is oriented so that the top strand (5Ј to 3Ј) starts from left and the center of the cleavage site on the active site. The discontinuity in the backbone representation is caused by the introduction of a bend of about 55Њ in the modeling. See text for further details.
to ϩ6 bp of the cleavage site). The additional 16 or more transesterification, is unknown, since that residue is absent from the protein. Cleavage of the peptide bond bp on the plus, or right, sequence of the cleavage site extends to the arm of domain I, which contains a high between Asn-454 and Cys-455 is coupled to the cyclization of Asn-454 that yields a C-terminal amino succiniconcentration of clusters of intense positive charge (Figure 5) . The limited base sequence potentially recognized mide (Chong et al., 1996) . In the PI-SceI structure, this position contains Asn because the protein was generby domain II is consistent with the observation that endonucleases related only to this domain recognize much ated by recombinant methods rather than by protein splicing. Mutagenesis studies have suggested that Hisshorter DNA substrates ‫02-41ف(‬ bp). In addition, the sharp bend in the DNA, which has been experimentally 453 assists in the cyclization of Asn-454 (Cooper et al., 1993; Chong et al., 1996) . In support of this idea, the observed in complexes of PI-SceI with DNA, may very well be due to the presence of the elongated domain PI-SceI crystal structure shows that the imidazole side chain of His-453 lies very close to Asn-454 ( Figure 4A ). I which, as the structure indicates, adopts a roughly equivalent bend relative to domain II.
Whether the structure of the excised PI-SceI intein resembles that of the extein-intein precursor is unknown, as conformational changes may occur during the splicThe Protein Splicing Catalytic Site ing process. The structure of the PI-SceI intein represents the excised end product of protein splicing. The positions of the key junction amino acid residues ( Figure 4A ) identiEvolutionary Implications of the Structure The bipartite domain structure of PI-SceI is likely paralfied by mutation are entirely consistent with their proposed roles in the reaction pathway of self-splicing (Hirleled by a separation of the protein splicing and endonucleolytic cleavage activities. In the case of the related ata and Anraku, 1992; Cooper et al., 1993; Chong et al., 1996) . Our structural analysis has also revealed the PI-TliI intein, it has been demonstrated that mutations that abolish one activity have little or no effect on the presence of two His residues that occur in domain I, close to both terminal residues ( Figure 4A ): His-79, other (Hodges et al., 1992) . Moreover, substantial evidence suggests that the two domains and activities which is invariant among inteins (Perler et al., 1997) , and His-453, which is conserved but not essential for splicing evolved independently. Proteins related to domain II are not always associated with protein splicing inteins and (Cooper et al., 1993; Chong et al., 1996) . Due to their nearly neutral pK a 's, these residues could act as general perform a variety of biological functions in different contexts (see Introduction). Similarly, there are two examacids or bases, functions required in a majority of the proposed steps in splicing mechanisms (discussed beples of inteins, from the Mycobacterium xenopi gyrA and Porphyra purpurea dnaB genes (Perler et al., 1997) , low). At the former N-terminal and C-terminal inteinextein junctions, Cys-1 and Asn-454 lie in close proximthat are only related to domain I. Based on these observations, we hypothesize that ity (2.9 Å between SG and OD2), which would be consistent with Cys-455 acting as a nucleophile to the VMA1 intein is encoded by a composite gene that resulted from the invasion of an endonuclease ORF into cleave the thioester at Cys-1 and forming the branched intermediate. In addition, His-79 is closely situated to a preexisting gene that encoded a protein with protein splicing activity or that later evolved this activity. The Cys-1 and may act as a proton donor/acceptor to facilitate the N-to-S acyl shift and transesterification reacendonuclease ORF is likely to have been the mobilizing entity rather than the protein splicing ORF, because tions (Pietrokovski, 1994) . Indeed, the imidazole side chain of His-79 is closely situated to Cys-1, which underendonucleolytic activity is required for intein and intron homing. Furthermore, the fact that the endonuclease goes the N-to-S acyl shift. The distance between His-79 and Cys-455, the putative nucleophile that initiates ORF is embedded in the middle of the protein splicing ORF provides additional circumstantial evidence that it are widely separated. Despite these differences, the cleavage mechanism of these endonucleases will likely was the invading entity. Once these genes were fused, we speculate that the entire endonuclease-splicing ORF prove to be very similar. However, understanding how the two asymmetric DNA strands are cleaved by one functioned as a mobile element that inserted into the VMA1 locus. The symbiotic association of the endonuactive site in homing endonucleases is a very interesting challenge. clease ORF with the splicing ORF benefits both entities. The endonuclease ORF is associated with a gene that
The three-dimensional structure reported here paves the way for investigations that will elucidate the molecuencodes a polypeptide that safely removes itself and the endonuclease from the vacuolar H ϩ -ATPase host lar recognition functions and catalytic activities of PISceI. Further experiments (e.g., site-directed mutageneprotein and prevents any deleterious effects to the host. By allying itself with an endonuclease ORF, the splicing sis) suggested by the structure will enable us to test several predictions that result from the detail that it gene is assured of mobility within the same species and eventually to new species as well, perhaps by horizontal provides. transmission. This scenario is analogous to proposed would be predicted to occur at the border between doprotein was purified as previously described for the wild-type protein mains I and II. However, none is observed, perhaps due (Gimble and Thorner, 1993 (Sack, 1988) . Identification and initial fitting Protein splicing of the yeast TFP1 intervening protein sequence: a of segments of the amino acid sequence were facilitated by the model of self-excision. EMBO J. 12, 2575-2583. locations of the seleno-methionines. At several stages in fitting, improved maps were obtained using the experimental phases comCooper, A.A., and Stevens, T.H. (1995) . Protein splicing: self-splicing of genetically mobile elements at the protein level. Trends Biochem. bined with the phases calculated from the partial structure by the program SIGMAA (Read, 1986) in the CCP4 package. For the protein Sci. 20, 351-356. refinement, the 2.4 Å data of the remote wavelength were used. The Cowton, K. (1994) . 'dm': an automated procedure for phase improvemodel was subjected to several cycles of molecular dynamics and ments by density modifications. Joint CCP4 and ESF-EACBM Newsrestrained refinement with X-PLOR (Brü nger, 1992) and manual relett. Protein Cryst. 31, 34-38. building. The final refinement statistics are shown in Table 1 . The Gimble, F.S., and Stephens, B.W. (1995) . Substitutions in conserved following segments of residues, all located in loops at the protein dodecapeptide motifs that uncouple the DNA binding cleavage acsurface, have no convincing density in either molecule in the asymtivities of PI-SceI endonuclease. J. Biol. Chem. 270, 5849-5856. meteric units and, therefore, are missing from the structure: residues Gimble, F.S., and Thorner, J. (1992) . Homing of a DNA endonuclease 93-102 between ␤9 and ␤10, 271-279 between ␤16 and ␣6, and gene by meiotic gene conversion in Saccharomyces cerevisiae. Na-369-374 between ␤21 and ␤22 (Figures 2 and 3) . The coordinates ture 357, 301-306. have been deposited in the Protein Data Bank (ID code 1VDE).
Gimble, F.S., and Thorner, J. (1993) . Purification and characterization of VDE, a site-specific endonuclease from the yeast SaccharoStructure Analysis myces cerevisiae. J. Biol. Chem. 268, 21844-21853. The correctness of the final model was verified by examining its stereochemistry using the program PROCHECK (Lawskowski et al., Gimble, F.S., and Wang, J. (1996) . Substrate recognition and induced DNA distortion by the PI-SceI endonuclease, an enzyme gen-1993) and its 3D-1D profile (Luthy et al., 1992) . A Ramachandran plot showed 84% in the most favored region for both structures erated by protein splicing. J. Mol. Biol. 263, 163-180. and none in the disallowed regions. The assignment of the elements Hendrickson, W.A., Horton, J.R., and LeMaster, D.M. (1990) . Selenoof the secondary structure was performed using DSSP algorithm methionyl proteins produced for analysis by multiwavelength anom-(Kabsch and Sander, 1983) as implemented in PROCHECK. Protein alous diffraction (MAD); a vehicle for direct determination of threesurface charge distribution was calculated and displayed by the dimensional structure. EMBO J. 9, 1665-1572. program GRASP (Nicholls et al., 1993) . Hendrickson, W.A. (1991) . Determination of macromolecular structures from anomalous diffraction of synchrotron radiation. Science
